To find amino acid residues which are required for glucoamylase activity, mutant glucoamylase genes were constructed by in vitro mutations of GLUlDNAencoding Saccharomycopsis fibuligera glucoamylase and introduced into Saccharomyces cerevisiae, and the resulting mutant proteins were assayed for enzymatic activities. Eighteen mutant proteins were obtained by random insertions of a BamHllinker DNA.Six out of 7 proteins with mutations in conserved regions among divergent glucoamylases showed no activities, while 8 out of ll proteins with mutations in unconserved regions had similar specific activities to a wild-type value, suggesting that the conserved regions are important to the activity. Aseries of amino-terminal deletion mutants were also constructed. A mutant protein with a deletion of only two amino acid residues from the amino terminus had a significant reduction in the activity, suggesting an essential role for the amino-terminal peptide. Ten mutant proteins with single amino acid replacements were produced by site-directed mutagenesis. Analyses for thermal stability and temperature dependency of these mutant proteins revealed that Ala81, Asp89, Trp94, Arg96, Asp97, and Trpl66 are required for wild-type levels of activities, and that at least Ala81 and Asp89 are not essential to catalytic activities, but act in thermal stability.
Glucoamylase catalyzes the release of glucose from the non-reducing ends of starchy materials and other a-glucopyranosides. The enzyme is widely distributed from microorganisms to vertebrates and is important in starch fermentation industries. Recently, we cloned the glucoamylase gene GLU1from a genomic library of Saccharomycopsis fibuligera by screening Saccharomyces cerevisiae transformants capable of starch fermentation1} and determined the nucleotide sequence of the gene.2) Wefound five highly homologous regions (S1~S5) among divergent glucoamylases. However, the S5 region may not be essential to enzymatic activities because Saccharomyces glucoamylases do not contain the sequence.2) Although chemical modification experiments3)4) showed that tryptophanyl and carboxyl residues are important, the structure-function relationship of glucoamylase is not well understood.
In this paper, we describe an initial survey 3159 for amino acid residues that are important in glucoamylase activities.
Materials and Methods
BamHI linker mutation. The phosphorylated octanucleotide BamHI linker (5 -CGGATCCG-3) was randomly inserted into the plasmid pTIGLU7 carrying GLU1 ( Fig. 1 ) by the method of Heffron et al. 5 ) with some modifications. pTIGLU7 DNA (38/*g) was treated with 5 .6 x 1(T5 U ofpancreatic DNase I (Takara Shuzo) for 30, 40 , and 50min at 24°C in 200//I of20mM Tris-HCl (pH 7.5),' 1.5mM MnCl2, and 100^g/ml of bovine serum albumin. The reaction was stopped by the addition of 20 jA of0.5m EDTA 2Na (pH 7.5), and then, DNAwas precipitated by the addition of 2 volumes of ethanol. The precipitate was dissolved in 30 /il of TE (20 mMTris-HCl, pH 7.5, 1 mMEDTA-2Na). Linear DNAfragments were fractionated twice by 1 % agarose gel electrophoresis. Then the purified linear DNA was treated with 5 U of Escherichia coli DNA polymerase (Takara Shuzo) for 2.5hr at 15°C in 50\A of20mMTris-HCl (pH 7.5), 10mM MgCl2, 1.4mM 2-mercaptoethanol, and 5/im dNTP. The reaction was stopped by heat treatment at 68°C for 10 min. The DNAwas dephosphorylated with 0.9 U of alkaline Culture fluids from some transformants that secreted reduced amounts of glucoamylase were concentrated with polyvinylpyrrolidone K-90, then assayed.
Results

BamHIlinker mutants
The plasmid pTIGLU7 which carries the GLU1gene was mutagenized in vitro by linker insertion. Restriction mapping of about 600 independent clones showed that 31 plasmids had the BamHl linker DNA in the GLU1 coding region. Thirteen out of these mutants were shown to be in-frame by DNAsequence analysis.
Reading frames in 9 out of the remaining 18 mutants were adjusted by digestion with BamYll, the polymerase I reaction, and recirculization with T4 ligase. Nucleotide and deduced protein sequences of these 22 in-frame mutants are shown in Table II . Mutation sites are diagramed in relation to the conserved regions (S1~S5) in Fig. 2 . To find whether these mutations would result in the alteration of glucoamylase activity, we transformed S. cerevisiae cells with these DNAs and with control plasmids (pTIGLU7 and pAT135 with T  108  109  115  116  GAAcggatccgTAATAACTTC  E  R  I  R  N  N  F  110  112  113  114  ACCggatcgatccgAGTAAC  T  R  I  D  P  S  N  135  136  137  GCTTTcggatccgTGAGAGCT  A  F  G  S  V  R  A  175  177  178  TTAcggatccgCAATTCTTTA  L  R  I  R  N  S  L  191  189  190  191  AAATTcggatcgatccgTATT  K  F  G  S  I  R  I  195  212  TCAcggatcgatccgGATTCA  S  R  I  D  P  D  S  201  200  201  TCAcggatcgatccgAACTTT  S  R  I  D  P  N  F  201  205  206  TATGTcggatccgTAGGGTAC  Y  V  G  S  V  G  Y  223  224  226  227  GGCAcggatccgAGACACTTT  G  T  D  P  R  H  F  24 1  242  243  244  AACCAcggatccgTTAACCAC  N  H  G  S  V  N  H  297  298  296  297  298  GCTcggatccgtattggcaga  A  R  I  R  I  G  R  363  370  371  372  GCTAcggatccgATTGGCAGA  A  T  D  P  I  G  R  369  370  371  372 Table II secreted only one major protein with molecular weight 57,000 (57K) which is identical to that of the purified GLU1glucoamylase, while transformed cells with pAT135 did not (Fig.   3 ). Then, we estimated protein concentrations of mutant glucoamylases by densitometric scanning of the 57K protein bands.
As shown in The plasmid pTIGLU7 contains the wild-type GLU1 gene. The plasmid pAT135 is a vector DNAused for subcloning of GLU1. Molecular weight markers are bovine serum albumin (molecular weight 68,000), ovalbumin (45,000), tropomyosin (35,500 and 34,000), and trypsin inhibitor (20,500).
wild-type one, suggesting that the conserved regions are more sensitive to amino acid alterations than the unconserved regions.
The itaraHI-linker mutation analysis revealed two unconserved regions which affect glucoamylase activity (Table II) . One is mutant 151 which had approximately three times higher specific activity than Gluw (this will be discussed later). The other is the loss-of-activity mutation 61 which lies near the amino terminus (Ala28) of the mature protein, suggesting that the amino-terminal region of glucoamylase is required for its activity. Thus, we made amino-terminal deletion mutations.
Amino-terminal deletion mutants
To examine the effects of amino-terminal deletion of glucoamylase on its activity, we constructed a series of chimeric genes which encode various amounts of GLU1 carboxyterminal peptide and a constant signal peptide for secretion of an S. diastaticus STA1 glucoamylase (Table III All the chimeric plasmids produced more than 3-fold amounts of proteins in the culture fluids ( Table III ) compared with that from pTIGLU7 (Table II) , possibly because chimeric genes contain a transcriptional promoter and a signal sequence of S. diastaticus which is closely related to S. cerevisiae. The plasmids (pYS4, pYS6, and pYS8) produced glucoamylases with equivalent specific activities to that of Gluw, while the glucoamylase produced by pYSlO had reduced activity and pYS12 had none (Table III) .
These results and that from the BamHllinker mutant, 61, in which a peptide (Glu33-Ser36)
is replaced (Table II) , suggest that the aminoterminal peptide (Tyr29-Ser36) is required for the activity.
Single amino acid replacements The BamHl linker mutation showed that the conserved regions are important for the glucoamylase activity.
To identify amino acid residues that participate in the activity, single amino acid residues which are strictly conserved among divergent glucoamylases were replaced by site-directed mutagenesis. The following amino acid residues were replaced: Ala81. A peptide surrounding the Ala81 was Fusion proteins consist of the constant STA1amino-terminal peptide ending with Ala36, the linker peptide of 2-or 3-amino acid residues, and the truncated GLU1 carboxy-terminal peptide (starting with Gln20, Ala28, Tyr29, Pro30, or Glu33 in the plasmid pYS4, pYS6, pYS8, pYSlO, or pYS12, respectively). The Xhol linker DNA (5 -CCTCGAGG-3 ) is indicated by small letters. The STA1signal sequence is cleaved at the carboxy side ofGly32 in parenthesis.20) A carboxy side of the pair of basic amino acid residues (Lys26-Arg27, marked by asterisks) may be cleaved by a trypsin-like protease, resulting in the same mature protein (starting with Ala28) as that of predicted to be hydrophobic by the method of Kyte and Doolittle.13) The residue was replaced with a valine or aspartic acid residue to make the hydrophobicity higher or lower, respectively. Asp89, Asp97, Trp94, and Trpl66. Chemical modification experiments3A) showed that carboxyl and tryptophanyl residues participate in the activity, but, these residues in the SI region have not been recognized to be important. Trpl66 in the S2 region was also replaced, since a residue (Trp 120) of an Aspergillus niger G2 glucoamylase which lies at the corresponding site to the Trp166 is essential.14) Arg96. Roles for arginine residues have not been analyzed. Since the arginine residue in the SI region is strictly conserved, the residue was replaced with another basic amino acid residue, Lys, or a polar but uncharged amino acid residue, Thr. Results are shown in Table IV . All mutant proteins were secreted at equivalent levels to that of Gluw but lost the catalytic activity at 50°C, an optimum temperature for Gluw.
We also assayed the activity at 30°C, since transformed cells secreting a mutant protein (Ala81 ->Val or Asp89->Tyr) grew normally at 28°C in a mediumcontaining starch-as a sole carbon source (YPS).15) These two mutant proteins showed similar specific activities at 30°C to that of Gluw, while the other mutant proteins still showed no activities.
We further examined temperature dependency and thermal stability of the two mutant proteins. Specific activities at temperatures ranging from 25 to 45°C of the mutant proteins were identical to those of Gluw, but the mutant proteins had no detectable activities at 50°C or higher (Fig. 4) . The thermal stabilities of the mutant proteins were greatly reduced even at 35°C (Table V) , although specific activities at less than 45°C were not affected (Fig. 4) Average hydropathies of individual amino acid residues were calculated at a span setting of 9. Numbers in the parenthesis indicate amino acid numbers in agreement with the numbers described previously. 2] Amino acid residues altered in the mutant proteins are indicated by small letters.
